The key challenge in the treatment of bacterial infection is rapid identification of bacteremia at an early stage of the diseases. Currently available imaging systems such as computed tomography (CT) and magnetic resonance imaging (MRI) can only detect bacterial infection after they have become systemic or have caused significant anatomical tissue damage, and at this stage infection are challenging to treat due to the high bacterial burden. To this day positron emission tomography (PET) imaging has showed the great potential for improving the diagnosis of bacterial infection because of the high sensitivity of PET radionuclides, capability of detecting molecular biology in details (even prior to anatomic change). Fluorodeoxyglucose (FDG) PET has been developed for bacterial imaging with incredible success. Whole body PET imaging with FDG for the diagnosis of bacterial infection and monitoring response to treatment has been well established. FDG-PET will not only help to accelerate the diagnosis of infection but improve the bacterial treatment. In this review, we focus on FDG-PET imaging for diagnosing bacterial infection in the clinic.
INTRODUCTION
Bacterial infection is one of the leading causes of death and causes millions of people dead every year in the world [1] [2] [3] [4] [5] . Owing to its multiple routes of transmission, early diagnosis is critical to the prevention and treatment of bacterial infection. Traditional identification methods for the infection focus on the examination and culture of bacteria recovered from suspicious sites [6] [7] [8] . Despite these methods are powerful and error-proof, they are laborious, complex and time-consuming, and the results are often obtained too late to guide clinical decision making. Detection and localization of infectious foci in soft tissues can also be achieved by ultrasound, CT or MRI, which is effective in detecting inflammation whenever the lesion has caused changes in local anatomy, capillary permeability, or tissue water content [9, 10] . However, when normal anatomic landmarks are lost or obscured, infection cannot be identified, and, in particular, it is difficult or impossible to distinguish between bacterial infection and sterile inflammation by these means. Therefore, there is the great need of developing new methods to diagnose bacterial infection with high sensitivity and specificity.
Nuclear imaging technology, which produces a three-dimensional image or picture of functional processes in the body, has great potential to improve the diagnosis of bacterial infection due to its high sensitivity to radionuclides, capability of detecting molecular biology in details and widespread clinical use [7, 8, [11] [12] [13] . However, it cannot provide precise signal localization of infection due to its low spatial resolution and the lack of anatomical information. To overcome its limitation, the new fused imaging technologies, such as PET/CT and PET/MRI, have been developed with the ability to provide a simultaneous atomical and physiological assessment, allowing PET imaging more and more popular for the clinical diagnosis [13] [14] [15] [16] [17] [18] . Numerous radiopharmaceuticals have been available for imaging bacteria, such as radiolabeled antibiotics, antibodies, antimicrobial, chemotactic peptides, bacteriophages and leukocytes (see in table 1), but most of them has limited application [6] [7] [8] 11, 12] .
The radiotracer FDG is the most widely used radionuclide and can be used for the assessment of glucose metabolism in the most organs. Although most FDG research focuses imaging tumors in oncology, it is also a powerful diagnostic tool in imaging infectious diseases or other inflammatory disorders [14] [15] [16] [17] [18] . In this article, we report the benefit and diagnostic value of FDG-PET in the assessment of bacterial infection. 
FDG IMAGING
FDG is an analog of glucose in which the hydroxyl group on the 2-carbon of a glucose molecule is replaced by a fluoride atom. FDG can be synthesized by either electrophilic fluorination of 3,4,6-triacetyl-d-glucal (TAG) using acetylhypofluorite [19] [20] [21] or nucleophilic substitution of 1,3,4,6-tetracetyl-2-trifluoromethan sulfonyl-β-d-mannose [22] [23] [24] using potassium fluoride (shown in Figure 1 ). ) Due to the great radiochemical purity and especially higher specific activity available, coupled with the advantage of getting an epimeric pure product, the nucleophilic fluoration method is now the most common way to synthesize FDG. A series of automated synthesis modules have been reported to produce larger amounts of FDG in excellent radiochemical yield (about 70%) within an hour [22] [23] [24] [25] . The accumulation of FDG in the targeted foci is based on enhanced glycolysis, which has often been associated with the cell growth rate and the expression of glucose transporters in cells. Like glucose that plays an essential role in the cellular energy metabolism, FDG is transported into cells via glucose transporters (mainly GLUT-1 and GLUT-3) and phosphorylated via hexokinase. Not like glucose, FDG cannot undertake further metabolism via G6-phosphate isomerase because of the absence of the 2-carbon hydroxyl group. Consequently, FDG-6-phosphate [21, [26] [27] [28] [29] is not able to be further degraded and will be trapped in the cell because of its negative charge (see detailed mechanism for FDG uptake in Figure 2 ). Therefore, FDG is able to monitor alterations in glucose metabolism, which is a marker for the viability of cells.
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After intravenous administration, FDG routinely distributes to the major tissues [26, 30, 31 ] including brain, myocardium, and genitourinary tract, thymus, liver, spleen, bone marrow, and brown adipose tissue, and clears from urinary system (see Figure 3a) . Tumor, inflamed or infected tissues internalize FDG more quickly than normal tissues [26, 28, [30] [31] [32] [33] [34] , due to their overexpression of glucose transporters, enhanced glucose metabolism and increased tissue permeability (see Figure 3b) . In order to reduce the uptake of FDG in normal tissues and increase the signal-to-noise ratio, patients and animals are normally fast for at least several hours prior to examination to reduce competition for glucose transporters. In addition, limitation of physical activity before injection can also minimize the tissue uptake of FDG, leading to low background [33, 34] . Administration of benzodiazepines 30-60 minutes before FDG injection can also diminish activity in muscle and brown adipose tissue [35] . In the evaluation of the lower extremities, it is recommended to have the patient remain at bed rest for at least 1 hour prior to injection. 

DIAGNOSIS OF DIFFERENT BACTERIAL INFECTION VIA FDG-PET IMAGING IN THE CLINIC
FDG-PET imaging has been widely used for diagnosing, staging, and detecting the recurrence or progression of cancer including breast, colorectal, esophageal, head and neck, lung, pancreatic, and thyroid cancer; lymphoma, melanoma, andsarcoma; and unknown primary tumor [12, 14, [26] [27] [28] 30, 32, 33, 36] . It has also been shown that FDG rapidly accumulates at the sites of bacterial infection with high target-background ratio compared with other tracers such as radiolabeled thymidine, Lmethonine and iodine-125 human serum albumin [11, 12, [15] [16] [17] [18] 35] . FDG has been approved by US Food and Drug Administration (US FDA) and European Medicines Agency (EMEA) and authorized as a diagnostic radiopharmaceutical in the diagnosis of bacterial infection. However, this technique still lacks the solid support and evidence-based criteria even with the approval of its application for infection in the clinic. In some situations, it cannot yet be considered a sufficient replacement for labelled white blood cell (WBC) imaging or anti-granulocyte monoclonal antibody (MoAb) imaging [11] . In this article, we discuss and illustrate the role and limitations of FDG-PET in the assessment of bacterial infectious diseases. There is apparently increased uptake of FDG in the lung compared to the liver; B. Repeat FDG-PET scan after 3 months of treatment with high-dose antibiotics. Lung uptake has decreased in intensity and is very similar to the uptake by the liver; C. FDG-PET obtained 3 months after reducing antibiotics with an associated increase in dyspnea. Lung uptake has increased compared to the last study, Images reproduced with permission from [43] , Copyright 2006, Karger Publishers.
Bacterial Pneumonia
Bacterial pneumonia is a type of pneumonia caused by bacterial infection. Gram positive bacteria including Streptococcus pneumoniae and Staphylococcus aureus are the most common bacterial cause of pneumonia in all age groups except newborn infants [37] [38] [39] . Several groups have reported to use FDG-PET/CT to evaluate distant metastatic infection and peripheral embolism in adult patients with infective bacterial pneumonia [40] [41] [42] . PET/CT [43] was also used in the case as the way of monitoring response to treatments (see Figure 4 ). This application is based on the ability of this technique to quantify the rate of FDG uptake. FDG-PET/CT therefore appears to be an effective tool to diagnose infection, monitor disease course and response to treatment in pneumonia. However, the overlap between FDG uptake of malignant lesions and severe infectious pneumonia may limit the use of FDG-PET as a diagnostic tool in evaluation of infectious processes [44, 45] . For example, FDG-PET scans show that both bacterial pneumonia with markedly elevated FDG uptake in a patient with concomitant squamous cell carcinoma in the contralateral lung. The FDG standardized uptake values (SUVs) were similar [46] for both lesions (4.9 and 5.4) ( Figure 5 ). This case demonstrates that an inflammatory etiology for false-positive FDG-PET imaging in the evaluation of pulmonary abnormalities is necessary.
Tuberculosis (TB)
Tuberculosis is one of the most deadly diseases that cause more than a million people dead each year and infects half of the world population. Owing to its airborne transmission, early diagnosis is critical for the prevention of TB and can dramatically reduce the TB associated mortality and mobility [48] [49] [50] . FDG-PET/CT has been reported in detection of unsuspected infection foci and characterizing the structural lesions. FDG-PET/CT [47] showed that there was intense multifocal uptake in mediastinal, supraclavicular, and para-aortic areas that was confirmed radiologically to represent widespread lymphadenopathy ( Figure 6 ). Pathologic examination of a mediastinal lymph node showed active tuberculosis. In addition, there was abnormal F-18 FDG lung uptake that revealed the presence of tuberculosis on bronchial lavage [51] . Furthermore, F18-FDG-PET/CT is also useful to know the extent of the disease [47] . These findings illustrate the potential application of FDG-PET/CT in mapping active tuberculous lesions which can be used for baseline study. However, FDG-PET does not behave in any characteristic manner in these conditions with the tuberculous lesion showing variable FDG uptake according to the grade of inflammatory activity [47] . Therefore, biopsy and histopathological examination may still be essential in many other cases for final diagnosis. In addition, whether FDG-PET is applicable in follow up of patients with known tuberculosis for response to treatment evaluation [52] remains to be studied (Figure 7) . 
Osteomyelitis
Osteomyelitis (OM) is infection and inflammation of the bone or bone marrow and usually is cause by either pyogenic bacteria or mycobacteria. Although some radionuclide imaging technologies have been used to diagnose osteomyelitis, such as three-phase bone scintigraphy, dual radiotracer studies combined sequential bone-gallium and leukocyte-bone marrow imaging and labeled leukocyte imaging, all of them have limited impact on clinical diagnosis due to difficult performing, high cost, inconvenience and unavailability [53] . FDG-PET/CT exhibits its strong competition in the diagnosis of osteomyelitis because FDG uptake by normal cortical bone is quite low, and bone marrow uptake is variable and can be slightly to moderately more intense than that of bone. Several studies [54] [55] [56] have shown that FDG is effective in diagnosing osteomyelitis (Figure 8 ). It is highly sensitive for detection of chronic osteomyelitis, even in patients treated with antibiotics before they undergo FDG-PET imaging [54] [55] [56] . FDG-PET was also advantageous to diagnose osteomyelitis in special situations like trauma, surgery and after other interventions where is difficult for existing radiological or nuclear medicine techniques to accurately diagnose chronic osteomyelitis. However, increased osseous FDG accumulation [53, 57] has been observed in inflammatory arthritis, in acute fractures, and in normally healing bone after surgery ( Figure 9 ). These observations are not surprising: The healing process is associated with many of the same cellular components that are present in inflammation. Thus extensive investigations focusing on specific indications are needed to accurately define the role of FDG-PET in the evaluation of Osteomyelitis. 
Infected Prosthesis
About half a million of Americans are received hip and knee arthroplasties every year. Bacterial infection is the most common cause of joint arthroplasty failure [58] . The diagnosis of infection has significant implications, both clinically and economically, in terms of prolonged antibiotic treatment, a longer hospital stay, and a second operation. The failure to diagnose infection will lead to failure of a revision arthroplasty, continuing periprosthetic osteolysis, and the need for a second surgical procedure, which may be more difficult and extensive than the first. In most patients, multiple tests are required to establish the diagnosis before revision surgery, and all of them have limited sensitivity and specificity [58] . The role of FDG-PET in the evaluation of painful lower extremity joint prostheses has been extensively investigated [59, 60] . Initial reports [61] suggested that FDG-PET has excellent sensitivity but low specificity for imaging periprosthetic infection (Figure 10 ). Recent studies show that FDG-PET can prove prosthetic infection in hip implants with more than 90% accuracy [60] . However, non-specific increased FDG uptake was also observed in the prosthesis without any complications and sterile inflammation induced by surgery. In addition, FDG-PET [61] does not appear to be capable of helping to distinguish an infected joint prosthesis from an aseptically loosened prosthesis (Figure 11) . Therefore, more studies are needed to confirm the role of FDG-PET in the evaluation of periprosthetic infection or inflammation [59, 60] . Aseptically loosened left hip prosthesis. FDG-PET scan demonstrates uptake similar to that seen in (a) along the lateral margin of the prosthesis. Bone-prosthesis interface activity at FDG-PET, once thought to be specific for infection, is probably related to osteolysis, which is present in both infection and loosening, Images reproduced with permission from [61] , Copyright 2004, SNMMI.
Canadian Chemical Transactions
Diabetic Foot Infection
Diabetes mellitus occurs throughout the world, and more than 200 million people have diabetes in the world [55] . Foot infection frequently coexist in diabetic patients, and cause serious mal perforans ulcer, which accounts for more than 90% of all cases of diabetic pedal osteomyelitis. Diagnosis of osteomyelitis via radiography, CT or MRI is limited because of lack of specificity and incapability of distinguishing between infection and neuropathic osteoarthropathy of the foot, which normally coexist in diabetic patients [53] . 111 In-oxine labeled white blood cell (WBC) imaging is most popular diagnostic method for diabetic pedal osteomyelitis, and has sensitivities ranging from 72% to 100% and specificities ranging from 67% to 100% [53, 62] . However, WBC imaging is difficult to differentiate soft tissue from bone infection because poor spatial resolution and lack of bony landmarks [53, 62] . FDG-PET/CT shows high sensitivity to excluding osteomyelitis in the diabetic foot because the precise anatomic localization of increased FDG uptake provided by PET/CT enables accurate differentiation between osteomyelitis and soft-tissue infection [55] . The reported studies [63] displays that FDG-PET/CT could play a role in assessing complicated and uncomplicated diabetic osteoarthropathy, being able to provide accurate assessment of patients with metal implants who may not be suitable candidates for MRI, and to correctly distinguish osteomyelitis from neuroarthropathy ( Figure 12) . However, in a recent prospective study conducted in 110 patients with complicated diabetic foot, FDG-PET/CT was found to be a low specific imaging modality for the diagnosis of osteomyelitis [64] . These findings suggest that FDG-PET/CT cannot yet replace WBC imaging. Figure 12 . Fifty-year-old diabetic male presented with an ulcer of the right great toe. a T1-weighted sagittal magnetic resonance image of the right foot demonstrates loss of signal intensity in the great toe region suggestive of osteomyelitis. b PET also demonstrates enhanced uptake of FDG at the corresponding site of abnormality as noted on magnetic resonance imaging. This further confirms the diagnosis of osteomyelitis in the great toe, Images reproduced from [63] , Copyright 2009, Springer.
Vertebral Osteomyelitis
Vertebral osteomyelitis is a rare bone infection concentrated in the spinal region and has a predilection for young children and older adults. Vertebral osteomyelitis often attacks two vertebrae and the corresponding intervertebral disk, causing narrowing of the disc space between the vertebrae [65] .
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The prognosis for the disease is dependent on where the infection is concentrated in the spine, the time between initial onset and treatment, and what approach is used to treat the disease. MRI is the major diagnostic method for spinal osteomyelitis, and has an accuracy of more than 90% [66] . MR imaging permits early diagnosis of infection and provides direct visualization of the spinal cord, subarachnoid space and extradural soft tissues. However, MRI is not suitable for the patients with metallic implants and cannot distinguish osteomyelitis from severe degenerative arthritis. The current radionuclide imaging method for diagnosing spinal osteomyelitis, such as gallium single photon emission CT (SPECT), is time consuming and requires multiple scans [67] . Recently, FDG-PET/CT [68, 69] has been used to diagnose vertebral osteomyelitis and appears high sensitivities and specificities ( Figure 13 and Figure 14) . Although only few studies have been reported, FDG-PET/CT shows accuracy comparable to that of gallium imaging, indicating that it could be applicable in diagnosing spinal osteomyelitis. a b 
Bacterial Endocarditis
Bacterial endocarditis is an infection or inflammation of the inner layer of the heart, the endocardium, and is a common cause of morbidity and mortality in the United States. Normally, Echocardiography (EC) plays a major role in diagnosing and monitoring the therapeutic response in infective endocarditis (IE) in routine practice [70] . However in the setting of prosthetic valves or indwelling pacemakers, the EC findings are equivocal necessitating search for other diagnostic modalities. Although the diagnosis of infective endocarditis with a variety of radionuclide imaging techniques has been reported, the clinical value of these techniques has never been established [71] . A recent study [72] shows that FDG-PET imaging can truthfully help identify sites of infective endocarditis in an 82 years old male with a mechanical aortic valve prosthesis who presented with a 10 days history of fever and malaise ( Figure 15 ). Optimal interpretation of the EC results was difficult due to the presence of the prosthetic valve. However, FDG-PET imaging findings were quite distinctive and revealed abnormally increased metabolic activity represented by two foci corresponded to areas of bacterial endocarditis. These studies [73] indicate that FDG-PET is a promising supplement to conventional echocardiography ( Figure 16 ). 
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Fever of Undetermined Origin (FUO)
FUO refers to a condition in which the patient has an elevated temperature but no diagnosis has been concluded after investigations by a physician. There are several causes of FUO, and infection are one of the most frequent origins followed by neoplasm, and other sterile inflammatory diseases [74] . The accurate diagnosis of the cause of FUO will undoubtedly improve the treatment of these patients. However, identification of the source of an FUO is often challenged, and radio imaging is an important part of the diagnostic method [75] . FDG-PET has the potential to take a part in the diagnostic protocol and management of patients with FUO because of high sensitivity of FDG-PET in detecting malignant lesions, infection, and various inflammatory processes. Furthermore, the short half-life of 18 F does not delay the performance of any additional radionuclide studies that might be anticipated. Indeed, there are several studies that support the use of FDG-PET in patients with FUO [76] [77] [78] [79] . For example, a recent study [80] analyzed the value of FDG-PET/CT in patients with FUO or unexplained signs of inflammation without fever and found the technique to be a valuable diagnostic tool in these subjects in whom a non-traumatic method of depicting inflammation in the whole body is obviously particularly useful ( Figure 17 ). The data show that FDG-PET is helpful in most cases, and has the sensitivity ranging from 77% to 92% and specificities ranging from 89% to 100%. FDG-PET/CT has proven applicable in the initial diagnosis of patients suspected of having UFO, particularly those who present with non-specific symptoms, in the identification of areas of increased FDG uptake requiring biopsy, and in the evaluation of the extent of disease [81] . All these studies stress the advantages of FDG-PET/CT for evaluating patients with FUO. However, calculation of the sensitivity and specificity of FDG-PET in patients with FUO [82] is difficult due to the lack of a gold standard because a final diagnosis is not established in all patients ( Figure 18 ). Moreover, FDG is a radiopharmaceutical that accumulates in infection, malignancies and inflammatory diseases. This non-specificity makesit impossible to discriminate between infection and neoplastic disease [76] . Therefore, there is a need of developing a structured diagnostic protocol for FDG-PET/CT imaging, which will help to identify the source organ or tissue of the fever, thereby guiding additional, appropriate testing. The application of FDG-PET/CT in diagnosis of patients with FUO is growing and this technique is probably destined to become the preferred diagnostic procedure in the future, especially when a definite diagnosis cannot easily be achieved.
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CONCLUSIONS
There is a great need of developing an ideal diagnostic method for bacterial infection in the clinic. FDG-PET fulfills the most criteria established for molecular imaging, and appears to be a potential powerful tool in the diagnosis of infection. Although the use of FDG-PET may be limited because of the lack of specificity and its incapability of discriminating bacterial infection from other inflammatory disorders, it has already had a highly impact on diagnosis, staging of bacterial infection and evaluation of therapy and will definitely take a part in the diagnosis and management of inflammatory or infectious diseases.
